In order to elucidate the complex effects of surface roughness, the transition of microstructures from the surface to the interior, defects and residual stress, tension-compression fatigue tests have been conducted by using shot blasted ferrite-pearlite ductile cast irons with as-cast surfaces. Regardless of the applied stress levels, the fracture origins of the specimens were mostly situated at a defect near an as-cast surface, slag, or pinhole at N f < 10 7 . At a relatively lower stress amplitude, some fatigue fractures such as shrinkage occurred from an inner defect far from the surface, mostly at N f > 10 7 . The area parameter model was applied to the quantitative evaluation of the fatigue limit. The equivalent hardness considering the transitional layers and the effective defect size with the interaction between the surface roughness and a defect were defined. Moreover, the relief of the residual stress during the fatigue tests was detected. The mean value of the relieved residual stress acting on a defect was employed for the quantitative evaluation. By using these parameters, the complex effects of ductile cast iron have been successfully evaluated for practical use.
Introduction
Ductile cast iron (DI) is a low-cost material, which surpasses steel in terms of good castability, machinability, and so on. However, since the structure of DI contains graphite and casting defects, its fatigue strength is generally lower than that of steels having a hardness nearly equal to that of DI; moreover, the scatter of the fatigue strength is relatively large. Therefore, DI has some problems in terms of durability, which are a barrier to the widespread use of DI in applications that have a high demand. From this viewpoint, improving the durability of DI, especially by evaluating the fatigue strength with high accuracy is very important. Hence, many studies on the fatigue strength of DI are currently being performed using smooth specimens without cast surfaces.
In these studies, Endo et al. (1) (2) regarded DI as a material containing defects and quantitatively evaluated its fatigue strength by applying the area parameter model (3) , using the Vickers hardness, HV, and defect size, area . Similarly, Sugiyama et al. (4) (5) performed fatigue tests using several types of DI and applied the area parameter model to fatigue limit predictions. Further, they proposed a four-parameter method in order to evaluate the fatigue strength of the specimens having a large defect as well as that of the specimens having a small defect whose size is within the available range of the area parameter model. From the result, they noted the usefulness of their proposed method. Nadot et al. (6) investigated the fatigue strength of DI by considering DI as a material containing defects or notches. In their study, the fatigue origins of all the specimens were shrinkages, and they quantitatively evaluated its fatigue strength using several models such as the area parameter model and the intrinsic crack model proposed by Haddad and others.
As mentioned above, although many studies have been conducted on the fatigue strength of DI with smooth surfaces, there are few studies on the fatigue strength of DI with cast surfaces (12) - (15) . In particular, studies on the influence of cast surfaces on the fatigue strength are very few. This is due to the fact that the fatigue strength of DI with cast surfaces is influenced by various factors. The factors that should be considered are as follows:
(1) Surface roughness (2) Work hardening layer due to shot blasting, transitional layer at the sites near surfaces produced by casting (3) Several types of defects (4) Residual stress caused by shot blasting and casting As all these factors influence the fatigue strength in a complex manner, the quantitative evaluation of the fatigue strength of DI having cast surfaces is very complex, resulting in a different fatigue strength from that observed in smooth specimens.
To solve this problem, we conducted plane-bending and tension-compression fatigue tests using DI with cast surfaces, whose residual stress was relieved by annealing in a vacuum (16) (17) , and quantitatively evaluated the influences of (1)-(3) on the fatigue limit by applying the area parameter model. Figure 1 shows a schematic representation indicating the method of estimating HV and area used to quantitatively evaluate the fatigue strength of DI with cast surfaces. In the case of DI with cast surfaces, since large defects exist at the sites near the cast surfaces as compared with the interior, the fatigue origins are mostly located under a dent of the cast surface as shown in Fig. 1 . Moreover, as regards ferritepearlitic ductile cast iron (FPDI), transitional layers with a width of about 100 µm, whose structure is different from the ferrite-pearlitic structure in the interior, exist at the sites along the cast surface and around the defect. Therefore, in order to quantitatively evaluate the fatigue strength of FPDI, we need to employ the equivalent hardness, eq HV , and the effective defect size, eff area , as shown in Fig. 1, considering Fig. 1 . In the case that the structures in the transitional layers and interior differ from those shown in Fig. 1 , the hardness to be used for the predictions will naturally differ from that shown in Fig. 1 . Fig.1 Method of estimating the equivalent hardness and the effective defect size for a ferrite-pearlitic ductile iron with cast surfaces With respect to eff area , the defect size is estimated in the same manner as shown in Fig.  1 , considering the interaction between the surface roughness and defect. When a fatigue origin is a cast surface, its defect size is estimated only by considering the influence of the surface roughness. Although the influence of the surface roughness, transitional layers, and defect on the fatigue strength of DI is quantitatively evaluated by applying this method, the influence of the residual stress in addition to these factors must be considered for the evaluation of actual parts. The influence of the residual stress on the fatigue strength is generally considerable, and several studies are being conducted (18) .
The purpose of this study is to quantitatively evaluate the influence of the surface roughness, transitional layers, defects, and residual stress on the fatigue strength of DI. To achieve this, tension-compression fatigue tests were conducted using specimens with cast surfaces having residual stress caused by shot blasting; and the influence of the residual stress on the fatigue strength was investigated. Furthermore, the change in the relief of the residual stress during fatigue tests was examined, and the average value of the relieved residual stress over a defect depth was applied to fatigue limit predictions.
Material, specimen, and experimental method

Material
Flat plate specimens (40 × 200 × 10.5 t mm) were cast in sand moulds as raw materials. Tables 1 and 2 show the chemical composition and mechanical properties of the specimens. Shot blasting was conduced using an impeller shot machine. Table 3 shows the condition of the shot blast. By shot blasting, the surface roughness of a specimen is decreased (maximum height, m 136 237
). Figure 2 shows the microstructures at the site near the cast surface and in the interior of the specimen. A pearlite structure at a width of about 100 µm can be seen at the site near the cast surface. In contrast, the structure of the interior contains ferrite and pearlite.
Specimen and experimental method
Fatigue tests were conducted using tension-compression loading with a stress ratio of 1 − = R and frequency of 8-30 Hz under load control. Figure 3 shows the shape and dimensions of the specimens used for the fatigue tests. The specimens have cast surfaces in the tested section, and two types of specimens with different dimensions of the tested section (SB1 and SB2) were employed. In order to eliminate the bending stress generated in the tensioncompression fatigue tests, strain gages were applied on both sides of the specimens and the alignment was carefully adjusted.
The residual stress was measured using an X-ray residual stress machine. Since the stress constant of DI is unknown, its value was experimentally measured (19) . Table 4 shows the conditions of measurement. The initial residual stress before the fatigue tests was three . Furthermore, surface residual stresses were measured at appropriate numbers of cycles, and the changes in the surface residual stresses throughout a fatigue test were observed. Figure 4 shows the hardness distributions of a shot blasted specimen (SB). The hardness was measured at a load of 0.98 N using a Vickers hardness tester, and the values of the hardness for the ferrite and pearlite structures were measured at about 100 points. As for the pearlite structure, the hardness in the transitional layer is about 15% more than that in the interior due to the work-hardening produced by shot blasting. The hardened structures were observed up to depths of 300 µm for pearlite and 500 µm for ferrite. Figure 5 shows the result of the tension-compression fatigue tests. In this figure, the result of the specimens used in the previous study (Annealing) (17) , whose residual stress was relieved by annealing in a vacuum, is also plotted. Since all the fractures of SB1 and SB2 start from defects, the scatter of the S-N data is large. However, the fatigue strengths of SB1 and SB2 tend to be higher than those of Annealing. All the specimens of SB1, whose fatigue origins are the defects (slags or pinholes) located at the sites near the cast surfaces, fractured at
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in spite of the difference in surface and inner defects. As regards SB2, the fracture origins are not only slags or pinholes located at the sites near the cast surfaces but also the inner shrinkages located at the sites apart from the cast surfaces, and several specimens fractured at
. Fatigue fractures at
did not occur in SB1 because SB1 contained larger defects at the sites near the cast surfaces than SB2 due to the difference in the dimensions of the tested sections of the specimens. Therefore, the fatigue strength of SB1 is considered to be lower than that of SB2. When the size of the defects existing at the As-cast surface sites near the cast surfaces decreases, the possibility of the fatigue fractures occurring from inner shrinkages increases; consequently, the tendency of the S-N data is considered to have changed. Therefore, further studies are necessary to clarify the mechanism of the fatigue fractures at 7 10 1× > N (19) . Figure 6 shows the modified S-N data, i.e., the relationship between the ratio of the applied stress a σ to the estimated fatigue limit w σ′ , w a σ′ σ / , and the number of cycles to failure, f N . The stress concentrations generated by the surface roughness influence the inner defects existing at the site near the cast surfaces. Therefore, when the distance from the cast surface to the defect, h, satisfies ) , min( 2 1 a a h < as shown in Fig. 7 , we estimated the defect size in the same manner as the estimation of eff area shown in Fig. 7 , considering the interaction between the surface roughness and defect. The values of 1 a and 2 a indicate the sizes of the surface roughness and defect shown in Fig. 7 , respectively. All the inner defects located at the sites near the cast surfaces satisfied ) , min( 2 1 a a h < . Based on the result of the tension-compression fatigue tests using specimens in which an artificial defect is introduced, the fatigue limit of DI can be arranged in a wide range of area using Eq. (1) for non-failure specimens at 7 10 1× ≥ N , the fatigue limits are underestimated. Therefore, the quantitative evaluation of the fatigue strength of DI having residual stress needs to be performed by considering the influence of residual stress.
Observation of fracture surfaces
Figures 8(a) and (b) show the optical microscope and secondary microscope images of the specimens whose fatigue origins were the inner defects located at the sites near the cast surfaces. The fracture origins shown in Figs. 8(a) and (b) are a slag and pinhole, respectively. In Fig. 8(a) , a fisheye is observed on the fracture surface around the defect, and its center is eccentric to the surface side. From this, it is implied that the crack propagation toward the surface is faster than that toward the interior. This is attributed to a crack that starts from an inner defect at the site below the hardened cast surface and preferentially propagates toward the interior due to work-hardening and the compressive residual stress. This type of fracture was observed in several other specimens, and its fatigue origins were also slags. In contrast, a fisheye is not observed on the fracture surface in Fig. 8(b) . This is because the interaction between the surface roughness and the defect was generated due to a large dent in the surface, and consequently those defects are combined at an early stage of cyclic loading.
The surface under which a defect exists tends to be deformed more easily than that under which a defect does not exist. In particular, when a pinhole composed of gas exists at a site under a surface, the surface is deformed more easily as compared with a slag. Therefore, the pinhole is considered to be easily subjected to the influence of surface roughness. Figure 8(c) shows the optical microscope and secondary electron microscope images of the specimen whose fatigue origin was an inner shrinkage at the site near a cast surface. Fatigue fracture occurs at 7 
10
> N , and a fisheye can be seen on the fracture surface around the defect although it is not necessarily clear. However, the center of the fisheye is not eccentric, unlike the specimen shown in Fig. 8(a) .
From a comparison of Figs. 8(a) and (b) , the characteristic aspect corresponding to an ODA (optical dark area (22) ) was not observed on the fracture surfaces around the defects.
Since the formation of an ODA is related to the hydrogen trapped by nonmetallic inclusions, it is not considered to be formed on the fracture surfaces around defects such as slags and pinholes, which do not trap hydrogen. Nevertheless, a reason why the fatigue fracture of the specimen shown in Fig. 8 (c) occurred at 7 10 > N is because the propagation of a small crack needed a number of cycles due to work-hardening and the compressive residual stress in the structure near the cast surface. Moreover, since the propagation of an inner crack was generated under a vacuum-like environment, the crack propagated more slowly than that under air. Figure 9 shows the residual stress distributions against depth for the specimens before a fatigue test and applying a cyclic stress of 200, 250, 300, or 350 MPa at either 
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1×
. These distributions are plotted without considering the influence of the removed layers. The residual stress at the same depth was measured three times as mentioned in Section 2.2. Moreover, the initial residual stress was measured using five specimens and that of the specimens subjected to a cyclic stress was measured using three specimens. The average values of these residual stresses are plotted in Fig. 9 . In this figure, the broken lines represent a 95% confidence interval of the initial residual stress.
The residual stresses of the specimens subjected to a cyclic stress were measured at several stress levels within the range from the maximum and minimum values of the stress amplitude tested in this study. Thus, these residual stresses are relieved at any of the stress levels as compared with the initial residual stress. Furthermore, the higher the applied stress, the larger is the relief of the residual stresses. In particular, the residual stress of the specimens Subsequently, Fig. 10 shows the change in the surface residual stresses through the fatigue tests. The data at 1 = N satisfactorily represent the residual stresses before fatigue tests, i.e., the initial residual stresses. To compare these data with those shown in Fig. 9 , the residual stresses were measured at with that during the failure per applied stress, a change in the residual stress is hardly generated at a cyclic stress of 212 MPa, and a slight change is seen at a cyclic stress of 274 MPa. With respect to the relief of the residual stress in the specimens subjected to a cyclic stress, it is reported that the residual stress is not relieved despite the applied stresses (24) and is relieved depending on the applied stresses (25) .
Considering these reports, the relief of the residual stress depends on the materials, loading type, and stress amplitude. Within the range of the conditions tested in this study, the residual stress was relieved at the early stages of loading in the wide range of stress amplitudes, and its relief was nearly saturated at 4 10 1× = N . Based on these results, it is clear that the residual stress was relieved at an early stage of cyclic loading. Therefore, the residual stresses of the specimens subjected to either tension or compression stresses were measured, and these data were compared with the residual stresses of the specimens used in the fatigue tests. Figure 11 shows the relationship between the applied and surface residual stresses. The surface residual stresses of the specimens used in the fatigue tests are shown in Fig. 9 . From this, the relief of the residual stress was generated while applying a stress approximately more than or equal to 220 MPa. With respect to a single loading as well as cyclic loading, the relief of the residual stress was generated when a single tension stress was applied. However, the relief of the residual stress was not generated when a single compression stress was applied even if a single compression stress of 400 MPa was applied. In general, it is reported that the relief of the compressive residual stress during a fatigue test is generated when the absolute value obtained by adding an applied stress to a compressive residual stress exceeds the absolute value of the compressive yield stress of the material (26) . As for DI, Ochi et al. reported that the residual stress of FPDI was relieved when the above condition was satisfied (27) .
However, in this study, the relief of the residual stress was generated not by applying a compression stress but by applying a tension stress. In addition, its relief was generated even if a stress considerably lower than 0.2% proof stress ( MPa 363 2 . 0 = σ ) was applied. To clarify this cause, the applied stress at which the relief of the residual stress began was compared with a stress-strain curve under a tensile test for FPDI although it should strictly be performed using a stress-strain curve under cyclic loading. Figure 12 shows a stress-strain curve under a tensile test for the FPDI used in this study. The specimen has polished surfaces without cast surfaces. In the matrix structure of FPDI, plastic deformation is generated due to stress concentrations and a decrease in the effective cross sections produced by graphite even if the applied stress is equal to or less than the value of σ y (28) . Therefore, the yield stress of DI is generally unclear, and 0.2%
proof stress was applied instead of the entire proof stress. From the comparison of Figs. 11 and 12, the minimum tension stress, at which the relief of the residual stress begins to correspond with the proportional limit of FPDI. It is considered that the proportional limit corresponds to the local plastic deformation of the matrix structure and its local plastic deformation causes the relief of the residual stress. On the other hand, it is reported that local yielding, which was observed on applying a tension stress, was not observed when applying a compression stress (28) ; further, the value of σ y for compression is 1.0-1.2 times higher than that for tension (29) . Due to this, it is considered that the relief of the residual stress is not generated even if a compressive stress of more than about 400 MPa is applied. Furthermore, the relationship between the absolute value obtained by adding an applied stress to a compressive residual stress and the absolute value of the compressive yield stress of the FPDI used in this study was investigated. From Fig. 9 , a transitional layer composed of a hardened pearlitic structure was observed at a depth of m 40
, where the maximum absolute value of the compressive residual stresses was generated. The hardness HV at m 40
is approximately 400. While calculating the proof stress at m 40 30 µ − = z using the relationship between HV and σ y for structural steels ( 8 .
proposed by Saruki et al. (30) , the value of σ y is approximately 900 MPa. Assuming MPa 500 − = σ R from Fig. 9 , the stress σ, at which the relief of the residual stress begins, is 400 MPa. From this calculation result, we can see that the relief of the residual stress did not occur by this process within the applied stresses tested in this study.
4 Quantitative evaluation of fatigue strength using the area parameter model
Evaluation of fatigue strength without considering the relief of residual stress
In order to quantitatively evaluate the fatigue strength of SB, the complex influences of surface roughness, transitional layers, defects, and residual stress on the fatigue strength should be considered. The influences of all the factors except residual stress can be evaluated using Eq. (1). The problem is the influence of the residual stress. In this study, the influence of the residual stress is regarded as being mechanically equivalent to that of the mean stress, and the fatigue limit is predicted using Eqs. (2) and (3):
where R is the stress ratio; σ a , the stress amplitude; and σ m , the mean stress. Although the influence of the residual stress is considered through the mean stress σ m in Eq. (3), the value to be employed is a problem. In this study, the value calculated by averaging the residual stresses over a defect depth,
, was employed. Moreover, the influence of the removed layers and the relief of the residual stresses during fatigue tests must be considered for fatigue limit predictions. Therefore, initially, only the influence of the removed layers was considered, and fatigue limit predictions were conducted.
The influence of the removed layers was corrected for a plate specimen by the following equation (31) (32) :
where
is the distribution of the residual stress after correction; ) (z R σ , the distribution of the residual stress before correction; and h, the thickness of a specimen. Figure 13 shows the residual stress distributions considering and not considering the removed layers separately. The solid and broken lines represent the distributions considering and not considering the removed layers, respectively. From Fig. 13 , the actual residual stresses show a distribution having tensile residual stresses in the interior to balance the compressive residual stresses at the sites near the surface. Figure 14 shows the modified S-N data of SB1 using the residual stress distributions shown in Fig. 13 . The data calculated considering and not considering the removed layers are plotted separately. for both predictions. From this result, we know that the fatigue limit predictions give overestimations even if the influence of the removed layers is considered. Therefore, in order to successfully evaluate the influence of the residual stress, the relief of the residual stress during fatigue tests needs to be considered.
Evaluation of fatigue strength considering the relief of residual stress
In the case that the influence of the residual stress is considered, quantitative evaluation should be performed using the residual stress distribution measured at the number of cycles when a specimen was fractured. However, this residual stress distribution is considered to be similar to that measured at about 4 10 1× = N as shown in Fig. 10 . Therefore, the residual stress distribution at was employed instead, and fatigue limits were predicted considering the influence of the removed layers. Furthermore, since a decrease in hardness may be caused by the relief of the residual stress, the hardness of the specimen subjected to a cyclic stress of 274 MPa shown in Fig. 10 judged considering the interval estimation of the difference in these mean values. Since the value of the 95% confidence interval for its difference is 4 ± 11.54, these values of HV are not significantly different, and we can say that the value of HV is not decreased during the fatigue test. Therefore, we evaluated fatigue strength assuming that there is no change in HV during a fatigue test. Figure 15 shows the modified S-N data of SB1 and SB2. The values of w σ′ were calculated considering the relief of the residual stress during the fatigue tests and the influence of the removed layers. To calculate these values of w σ′ , the residual stress distributions at an arbitrary stress level are needed. These distributions were obtained by interpolating data shown in Fig. 9 . Further, the symbol ** indicates the specimens whose fatigue origins are the inner defects located at the sites below the machined surfaces, and these fatigue limits were estimated without considering the influence of the residual stress. have a relatively larger scatter. From this result, in terms of the quantitative evaluation of the fatigue limit, the experimental data are successfully arranged in Fig. 15 . The data of the specimens at
have a relatively larger scatter because the behavior of small crack growth is considered to be considerably different per specimen due to the influence of the residual stress even if the specimens have the same defect size and defect depth. In contrast, the fatigue limit is decided by the threshold stress for crack propagation and not by the critical stress for crack initiation. In other words, the fatigue limit is decided by the stress intensity factor of a non-propagating crack emanating from a defect and the threshold stress intensity factor range of a material. Therefore, it is considered that the fatigue limit is not related to the behavior of small crack propagation. Due to this, although there is a possibility that the values of in the modified S-N data have a large scatter, the fatigue limit can be evaluated with sufficient accuracy for practical use, by applying a convenient parameter, which is the value calculated by averaging the relieved residual stresses over a defect depth, ave R, σ , considering the removed layers. Within the range of this study, since the fatigue limit estimated without considering the removed layers is approximately 2% lower than that estimated by considering the removed layers, the evaluation without considering the removed layers also does not pose any problems for practical use. Although the influence of the removed layers is small in the case of a thick specimen, like the specimen used in this study, the thickness of the actual parts is for the most part thinner than the specimen used in this study. Consequently, the influence of the removed layers is considered to be greater. Therefore, whether the influence of the removed layers is considered or not should be decided by considering each actual part.
Finally, let us consider the specimens at 7 10 > f N in Fig. 15 fractured from the inner shrinkages that were located at the sites below the machined surfaces. Judging from the will occur at a lower stress. These fatigue limits are not subjected to the influence of the residual stress. Therefore, even if a surface is strengthened by shot blasting, since fatigue fracture transits from the surface to the interior at some stress, its fatigue limit will saturate. Furthermore, when extrapolating the data of the inner shrinkages (**) represented by a dotted line, as shown in Fig. 15 
Conclusion
(1) Although the fatigue fracture origins were mostly surface defects (slags or pinholes) at , it is considered that the propagation of a small crack required many numbers of cycles and an inner crack propagated under a vacuum-like environment due to work-hardening and the compressive residual stress at the sites near the surface. Therefore, to evaluate the fatigue limit of the specimen whose fatigue origin is an inner shrinkage, fatigue tests at 8 10 2 × > N will be at least needed. (2) The residual stress was considerably relieved on applying a cyclic stress at 1 = N . Thereafter, the residual stress was negligibly relieved. The relief of the residual stress was due to the local yielding of a matrix structure; further, the residual stress was relieved when a tension stress greater than the proportional limit of a material was applied. , the complex influences of the surface roughness, transitional layers, defects, and residual stress on the fatigue limit were successfully evaluated.
